The microstructure modifications of a high-energy Xe implanted U 3 Si 2 , a promising accident tolerant fuel candidate, were characterized and are reported upon. The U 3 Si 2 pellet was irradiated at Argonne Tandem Linac Accelerator System (ATLAS) by an 84 MeV Xe ion beam at 300 C. The irradiated specimen was then investigated using a series of transmission electron microscopy (TEM) techniques. A dense distribution of bubbles were observed near the range of the 84 MeV Xe ions. Xe gas was also found to accumulate at multiple types of sinks, such as dislocations and grain boundaries. Bubbles aggregated at those sinks are slightly larger than intragranular bubbles in lattice. At 300 C, the gaseous swelling strain is limited as all the bubbles are below 10 nm, implying the promising fission gas behavior of U 3 Si 2 under normal operating conditions in light water reactors (LWRs).
Introduction
Development of new fuel-cladding solutions with enhanced accident tolerance so as to replace currently dominant UO 2 -zirconium solution in light water reactors (LWRs) has been a focus of nuclear materials community since the tragic nuclear accident in Fukushima Daiichi Nuclear Power Plant [1, 2] . The fuel materials satisfying the qualifications of accident tolerant fuels (ATFs) are expected to be compounds or alloys of uranium that have two advantages over UO 2 : higher thermal conductivity and higher heavy metal density. The former advantage ensures a lower stored energy during normal operation as well as fast removal of decay heat under accident conditions, whereas the latter one leads to extra neutronic benefits that may either provide more flexibility in the selection of ATF cladding materials or increase economic profits for utilities. Therefore, with both advantageous features discussed above [3] , U 3 Si 2 has been regarded as a promising ATF candidate and thus attracting intense attention from the nuclear materials community [4e8] .
In order to validate U 3 Si 2 as a qualified LWR fuel material, its fuel performance must be comprehensively understood through systematic investigations. However, as a fuel material that has been successfully applied in research reactors to reduce uranium enrichment, previous experimental and modeling efforts on U 3 Si 2 have been concentrated on low-temperature research reactor conditions [9e13] . Namely, there only exist a limited number of references that involves fuel performance of U 3 Si 2 under LWR conditions [4, 7] . At typical research reactor temperatures ( < 250 C), U 3 Si 2 loses its crystalline structure at merely 0.3 dpa and keeps amorphous throughout the remainders of fuel life [14] . On the other hand, at LWR temperatures (! 300 C), U 3 Si 2 tends to maintain its tetragonal lattice structure under irradiation [7] . The first results from the U 3 Si 2 irradiation test discussed in Ref. [5] are currently being generated. Initial neutron radiography indicates that the pellets are largely intact and no run-away swelling was observed at a fission density of approximately 6 Â 10 20 fissions/cm 3 [15] . Therefore, the U 3 Si 2 materials in research reactors and in LWRs are literally in two different phases (amorphous phase versus tetragonal crystalline phase), and hence subject to have significant dissimilarity in fuel behavior. In this regard, it is insufficient to solely rely on research reactor data of U 3 Si 2 to evaluate its qualifications as a LWR fuel material.
Gaseous fission products are generated during fission reactions, and accumulate to form intragranular and intergranular bubbles in nuclear fuels. By causing gaseous swelling and originating fission gas release, those fission gas bubbles significantly contribute to the degradation of fuel performance. Thus, establishing comprehensive understanding of fission gas behavior in U 3 Si 2 under LWR conditions is crucial to the determination of this material as an ATF. Unfortunately, this effort is obstructed by the absence of experimental investigations of bubble evolution in U 3 Si 2 at LWR temperatures. Although the in-pile irradiation experiments of U 3 Si 2 have been in progress as a part of the ATF-1 irradiation campaign in Advanced Test Reactor (ATR) [5, 16] , the detailed post-irradiation experiment (PIE) data will not be available to the ATF community for a while considering the time-consuming and costly nature of PIE on in-pile irradiated fuel materials. Hence, it is of great value to utilize ion irradiation as an inexpensive and timely alternative to study fission gas behavior in U 3 Si 2 . Being capable of creating various neutron-induced microstructure modifications, ion irradiation has been extensively used to study radiation effects in materials [17e19]. More importantly, the $100 MeV fission fragments, which cause the majority of microstructure modifications in nuclear fuels, can be replicated by the high-energy ion irradiation technique [20] . In this study, the high-energy ion acceleration capability of Argonne Tandem Linac Accelerator System (ATLAS) [21] was utilized to implant Xe, the most important and representative gaseous fission product, into U 3 Si 2 material at a LWR temperature so that the fission gas behavior in U 3 Si 2 under normal LWR operating conditions can be unveiled prior to the availability of in-pile irradiation PIE data.
Experiments

Sample preparation
The U 3 Si 2 pellet used in this study was manufactured at Idaho National Laboratory [5] . The mixture of 92.5 wt% fine uranium powder and 7.5 wt% fine silicon powder was pressed at 225 MPa before being melted to produce ingots of U 3 Si 2 compound. Those arc-melted ingots were then comminuted into fine powder. The U 3 Si 2 fine powder was cold pressed and sintered into fuel pellets in an Ar protection atmosphere. The U 3 Si 2 pellet used in this study was fabricated using the same procedures as for the pellets irradiated in ATR for the ATF-1 campaign [16] . More details about the pellet fabrication are described in Ref. [5] . Previous investigations of as-fabricated U 3 Si 2 pellets indicate that the cold pressing and sintering technique introduces USi and UO 2 precipitates that comprise approximately 14% volume fraction. The pellet was cut into 3 mm thick discs with an 8.3 mm diameter for the ion irradiation experiment. The surface exposed to ion irradiation was first mechanically polished to 0.05 micron surface roughness and then vibratory polished to reach its final surface finishing.
Ion implantation
The high-energy ion irradiation experiment was performed at ATLAS facility, Argonne National Laboratory. An irradiation chamber was designed and established between the PII Linac and the Booster Linac of ATLAS. At this position, ATLAS is capable of accelerating heavy ions up to approximately 1 MeV per nucleon [21] . The disc specimen was adhered to a copper sample holder using PELCO high performance silver paste. A HeatWave Labs TB-175 cartridge heater that can heat the sample up to 1200 C was mounted on the back of the copper sample holder. The heater was powered by a DC power supply controlled by a proportional-integral-derivative (PID) controller. The temperature of the specimen was increased to 300 C and irradiated by 84 MeV Xe ions. This irradiation temperature is within LWR fuel temperature range, which is similar to the fuel surface temperature in boiling water reactors (BWRs). According to the two K-type thermocouples located approximately 5 mm away from the specimen on the sample stage made of oxygen-free high conductivity (OFHC) copper, the temperature of the specimen slightly fluctuated several times when the ion beam was interrupted, whereas the PID controller managed to limit the temperature fluctuation, and maintain the specimen temperature within a range between approximately 290 C and 330 C. The energy of Xe ions is close to that of fission products and is therefore expected to produce similar microstructure modifications. The Xe beam profile was measured and centered by a Faraday cup. The beam current was maintained at approximately 100 particle nA for 20 h. Assuming a 2D Gaussian beam shape, the peak ion fluence is approximately 1. ¼ 15 eV), near the center of the specimen, the peak irradiation dose is 499 dpa, which occurs in a depth of $6 mm to the surface (see Fig. 1(b) ). Meanwhile, the average Xe fraction from 5 micron to 8 micron from the surface is approximately 0.92%, which is equivalent to a 6.36%FIMA (fissions per initial metal atom).
Characterization of the irradiated specimen
The PIE characterization of the Xe-implanted U 3 Si 2 specimen was carried out at the Materials Characterization Suite (MaCS) at Center for Advanced Energy Studies (CAES). A transmission electron microscopy (TEM) foil was lifted out (see Fig. 1(a) ) from the center of the beamspot on the irradiated specimen and thinned to approximately 75 nm (see Fig. 1(b) ) using an FEI Quanta 3D FEG focused ion beam (FIB). Then the TEM foil was investigated by an FEI Tecnai TF30-FEG STwin STEM working at 300 kV. Both TEM bright field (BF) and scanning transmission electron microscopy (STEM) high-angle annual dark field (HAADF) imaging techniques were utilized to examine the microstructures in the specimen, especially the Xe bubbles. Additionally, STEM-based energy dispersive X-ray spectroscopy (EDS or EDX) was used to analyze the element compositions of various phases in the specimen.
Results
Phases identification
As previously reported by the manufacturers of the U 3 Si 2 [5] , two intrinsic secondary phases, USi and UO 2 , coexist with the U 3 Si 2 matrix in the fuel pellet in this study. After Xe implantation, those secondary phases were observed to remain in the specimen as indicated by Marks 3 and 4 in Fig. 2(a) . In comparison to the U 3 Si 2 matrix ( Fig. 2(c) ), the EDS analysis of the Mark 3 precipitate (Fig. 2(g) ) clearly shows the existence of extra Si, which is consistent with the element composition of USi. On the other hand, the EDS analysis of the Mark 4 precipitate ( Fig. 2(h) ) illustrates the enrichment of O and depletion of Si, which implies the element composition of UO 2 . The electron diffraction pattern (DP) of the Mark 4 precipitate further shows the characteristic [001] zone DP of UO 2 ( Fig. 2(b) ).
Aside from the intrinsic secondary phases, high-temperature ion implantation also facilitated the formation of an approximately 1 micron thick oxidation layer (see Mark 1 in Fig. 2(a) ). As previously observed in the in situ TEM ion irradiation investigation of U 3 Si 2 [7] and reported in the ex situ ion irradiation experiments of Ce 3 Si 2 [26] , a non-radioactive surrogate of U 3 Si 2 , U 3 Si 2 is readily to be oxidized under irradiation, even in a $10 À5 Pa vacuum in TEM chamber. In this study, the vacuum level during Xe implantation was approximately 10 À4 Pa. Hence, it is expected that surface oxidation would occur. The oxidation layer shows an EDS profile ( Fig. 2(e) ) very similar to that of the intrinsic UO 2 precipitate. Electron DP of the oxidation layer ( Fig. 2(b) ) also shows the characteristic DP of nanocrystalline UO 2 , whereas TEM BF image
indicates an average grain size of $300 nm. No distinguishable diffraction signals of U 3 O 8 were observed in the oxidation layer. Considering the vacuum level as well as the high effective temperature due to irradiation-induced ballistic diffusion [27] , the partial pressure of oxygen in the irradiation chamber may still be insufficient for U 3 O 8 formation [28] . It is worth mentioning that Si is depleted in the oxidation layer as shown in Fig. 2(e) . The Si was found to diffuse into the deeper part of the specimen to form a Sienriched layer (probably USi) between the oxidation layer and the U 3 Si 2 matrix (see Mark 2 in Fig. 2(a) ). No prominent sign of oxidation was observed in the Si-enriched layer according to the EDS data (see Fig. 2(f) ). This finding is different from the case in the in situ TEM ion irradiation investigation, where Si forms a Sienriched amorphous phase [7] . This difference may be explained as follows: in the in situ irradiated TEM foil, the specimen is essentially two-dimensional so that Si atoms can only diffuse and accumulated on the surface of the lamella due to the limited geometry. The present observation on high-energy irradiated U 3 Si 2 sample unveils a possible oxidation mechanism of the fuel under irradiation.
The bubble region
As predicted by the SRIM simulation ( Fig. 1(b) ), Xe bubbles were observed in a narrow region beyond the UO 2 precipitate. The microstructure features of this bubble region are shown in Fig. 3 . Three grains can be identified (see G1 through G3 in Fig. 3(a) ). According to electron DPs (Fig. 3(e) and (f)), both G1 and G2 are U 3 Si 2 . It is noticeable that the irradiation damage is so severe in this region that forbidden reflections of U 3 Si 2 , such as {101}, {100}, and {031}, appear in the DPs. Due to the limited volume fraction, the electron DP of G3 was challenging to obtain. However, by comparing the EDS profile of G3 with those of G1 and G2 (Fig. 3(b) through (d)), G3 has the same element composition as G1 and G2 do, indicating that G3 is also a U 3 Si 2 grain. Thus, high-angle grain boundaries can be located as marked by red dashed lines in Fig. 3(a) . The misorientation of the G1/G2 grain boundary was determined to be 43.1 according to the electron DPs and TEM tilting angles, while the misorientations of grain boundaries involving G3 could not be accurately measured due to the limited size of G3. Meanwhile, based on its nature as an array of dislocations, a subgrain boundary or low-angle grain boundary was also identified in G1, as indicated by the yellow dashed line in Fig. 3(a) . Even in this low-magnification STEM HAADF image, bubbles are already distinguishable on those high-angle grain boundaries and the subgrain boundary. More detailed characterizations of those Xe bubbles will be discussed in the following two subsections.
Intragranular bubbles
First, the morphology of intragranular bubbles are concentrated on. Two typical areas in the bubble region were selected to examine intragranular bubbles and are shown as STEM HAADF Zcontrast images (Fig. 4(a) and (d) ). Both areas are near the subgrain boundary. Aside from the bubbles aggregated on the subgrain boundary, some bubbles were observed to be aligned in several line structures as marked by blue lines in Fig. 4(a) and (d) . The TEM BF 1000 nm underfocused images for exactly the same areas (Fig. 4(b) and (d) ) indicate that those line structures decorated by bubbles are dislocations. No lattice intragranular bubbles can be distinguished in STEM HAADF Z-contrast images, probably due to the high number density and limited size of Xe bubbles. In the TEM BF 1000 nm underfocused images, however, those lattice intragranular bubbles are prominent, especially when the higher magnifications were adopted (Fig. 4(c) and (f) ). As the spatial distribution of those lattice intragranular bubbles is quite uniform, the number density of them can be straightforwardly measured as 8.5 Â 10 23 m -3 . It is also apparent that intragranular bubbles on dislocations are larger than intragranular bubbles in lattice. A more quantitative comparison was made by measuring the size distributions of intragranular bubbles in lattice and on dislocations. The size measurement of intragranular bubbles in lattice was performed based on TEM BF 1000 nm underfocused images because those bubbles are not distinguishable in STEM HAADF Zcontrast images. As shown in Fig. 5(a) , intragranular bubbles in lattice are all smaller than 5 nm in diameter, with an average size of 2.71 ± 0.08 nm. On the other hand, as dislocation bubbles are recognizable in both TEM and STEM images, their size distribution was measured using two imaging techniques respectively, as shown in Fig. 5(b) and (c). Both methods provide similar size distribution: dislocation bubbles are typically larger than lattice bubbles but still smaller than 10 nm; the average size of dislocation bubbles is approximately 4.46 ± 0.15 nm or 4.50 ± 0.14 nm.
Dislocations appear to be favored locations for the evolution of intragranular bubbles.
Intergranular bubbles
The intergranular bubbles exhibit more complex nature due to the existence of one subgrain boundary and three high-angle grain boundaries in the bubble region of the TEM foil. In TEM BF 1000 nm underfocused images, while bubbles on the subgrain boundary can still be distinguished due to the similar diffraction contrasts (which originates from similar crystallographic orientations) across the boundary (Fig. 4(b) and (e)), bubbles on the high-angle grain boundaries can hardly be recognized as the diffraction contrasts of two grains differ a lot. As a result, only STEM HAADF Z-contrast imaging, which is almost free from diffraction contrast, can be used to study intergranular bubbles on the high-angle grain boundaries. As indicated in Fig. 6 , bubbles on both the subgrain boundary and the high-angle grain boundaries were observed to be larger than bubbles in lattice, which cannot be recognized in STEM HAADF Zcontrast images at all.
The size distribution of the bubbles on the subgrain boundary was measured using both TEM BF and STEM HAADF images and is shown in Fig. 7(a) and (b) . Despite the fact that the difference of average subgrain boundary bubble size between two measurement methods is with the margin of error, it still implies that STEM HAADF Z-contrast imaging provides a more accurate subgrain boundary bubble size, because the contrast of small bubbles on the subgrain boundaries can be interfered by the diffraction contrast of the boundary. Additionally, the size distributions of bubbles on the high-angle grain boundaries were also measured using the STEM HAADF images. Since the grain boundary between G2 and G3 is located in a thick area of the TEM foil, the measurement was focused on the G1/G3 and G1/G2 grain boundaries (Fig. 7(c) and  (d) ). Note that a prominent difference in average bubble sizes (3.75 nm versus 4.48 nm) was observed for the bubbles on the two high-angle grain boundaries.
Discussion
In a previous in situ TEM ion irradiation investigation [7] , U 3 Si 2 was proven to maintain its crystalline structure up to 5 dpa at LWR temperatures. In this high-energy ion implantation study, the peak irradiation damage dose was raised significantly. At 300 C, U 3 Si 2 shows its capability of maintaining crystalline up to approximately 500 dpa. This further demonstrates that amorphization will not be a concern for applying U 3 Si 2 in LWRs.
Lattice intragranular bubbles have a number density of 8. . This measured number density could still be underestimated considering the overlapping effect of the extremely dense bubble distribution. At 300 C, it seems that thermallyactivated diffusion of Xe is still insufficient to initiate bubble coalescence that induces larger lattice intragranular bubbles.
As previously reported [7, 29] , dislocation density is low in U 3 Si 2 pellet prior to irradiation. Hence, the dislocations observed in the bubble region were induced by ion irradiation. As local sources of stress field, dislocations are strong sinks for both point defects and impurity atoms (e.g. Xe atoms) and therefore are potential aggregation sites for Xe bubbles. In fact, in irradiated materials, it was reported that voids or He bubbles preferentially nucleate and grow on dislocations [30, 31] . Inspired by this kind of observations, it was assumed that dislocation bubbles are a special type of intragranular bubbles that need to be separately analyzed in fuel performance codes [32, 33] . However, although fission gas bubbles were found to form in lines in UO 2 [34e36], few confirmed observations of bubble decoration on dislocations have been reported in nuclear fuels. In this study, Xe bubble decoration on dislocations was directly observed. More importantly, intragranular bubbles on dislocations have a deterministically larger size compared to lattice intragranular bubbles, which confirms the long-standing assumption that the evolution of intragranular bubbles on dislocations may need to be modeled separately [32, 33] . In fact, the peak damage dose of 499 dpa in this study only corresponds to U 3 Si 2 fuel with $1%FIMA. In an in-pile irradiated fuel pellet with over 5%FIMA, higher irradiation damage is expected, resulting in much denser dislocations, which may further facilitate the nucleation and growth of intragranular bubbles on dislocations. On the other hand, higher-dose irradiation may also induce radiation-induced re-solution, which redistributes the fission gas and leads to bubble shrinkage.
As mentioned before, the nature of a subgrain boundary, which is also known as a low-angle grain boundary, is an array of dislocations. Considering the subgrain boundary observed in this study is located in the high irradiation dose region that is filled with radiation-induced dislocations, the formation of the subgrain boundary may originate from the accumulation of irradiationinduced dislocations. This irradiation-induced evolution mechanism of subgrain boundaries may further lead to grain subdivision and formation of high-burnup structure (HBS) as radiation dose continues to increase. Ion irradiation experiments involving higher doses need to be conducted to confirm the threshold dose of grain subdivision. As an array of dislocations, the subgrain boundary also behaves as a sink for defects and impurities, and thus has preferential bubble evolution on it. Because a subgrain boundary is still composed of dislocations, the size distribution of subgrain boundary bubbles is similar to that of intragranular bubbles on dislocations as expected.
Unlike a subgrain boundary, a high-angle grain boundary is an interface of two domains with dissimilar crystallographic orientations. High-angle grain boundaries are also sinks for defects and impurities so that Xe bubbles were also found to aggregate on them. It is interesting that among the two high-angle grain boundaries investigated in this study, a prominent difference can be found in their size distribution. This implies that high-angle grain boundaries of various types (tilt, twist, and mixed, etc.) and misorientations may have different sink strengths and therefore different kinetics for intergranular bubble evolution.
The implanted Xe concentration in the bubble region was estimated to be 4.3 Â 10 26 m -3 , according to the SRIM simulation and ion fluence. Assuming equilibrium bubbles and a TEM lamella thickness of 75 nm, using the equation of state (EOS) developed by Ronchi [37] , the Xe concentration contributed by different types of bubbles can be assessed based on the number density and average size of the bubbles. The lattice, dislocation, HAGB, and subgrain boundary bubbles respectively account for 1. Hence, the lattice bubbles are the dominant form of Xe deposition.
Although there is a prominent difference in Xe concentration between the implanted value and the value derived from the bubble sizes and number densities, they are at the same order of magnitude. Considering a series of uncertainties that may influence the bubble size and/or density measurement, such as the error in estimating the thickness of the TEM lamella (could be as thin as 30 nm), the overlapping of dense bubbles, and the ultra-small Xe bubbles that are invisible in TEM images, this difference can be explained. Additionally, all the intergranular bubbles observed in this study are small and free from interconnection. As a result, there is a lack of Xe gas release mechanism. Therefore, it is reasonable to deduce that the majority of implanted Xe was retained in the U 3 Si 2 specimen. Although the bubbles on dislocations, subgrain boundaries, and high-angle grain boundaries are all lager than intragranular bubbles in lattice, all the bubbles are smaller than 10 nm, which is quite small compared to bubbles observed in other nuclear fuels [20] . In addition, neither bubble interconnection nor bubble channel formation was found in the Xe-implanted specimen. Therefore, according to this study, at 300 C, Xe gas atoms of concentration equivalent to a $6%FIMA can be retained in U 3 Si 2 with a limited swelling strain, suggesting an acceptable fission gas behavior of U 3 Si 2 . As an accelerated irradiation experiment powered by highenergy Xe ions, this study involves a higher irradiation dose rate and a shorter annealing time in comparison to in-pile irradiation conditions. As a result, the high-energy Xe implantation in this study might not replicate the exact microstructure modifications in U 3 Si 2 as in-pile neutron irradiation does. However, by using the similar temperature, fission fragment energy, and Xe fraction conditions, it is believed that this study is capable of providing reasonable qualitative results of fission gas behavior in U 3 Si 2 under LWR conditions so as to guide the modeling and experimental efforts on U 3 Si 2 fuel performance study before the availability of the PIE data of the in-pile irradiation campaign.
Conclusions
In summary, 84 MeV Xe ions were utilized to irradiate a U 3 Si 2 specimen at 300 C to study the fission gas behavior of U 3 Si 2 at LWR temperatures. TEM/STEM investigations unveil the formation of dense distribution of small lattice intragranular bubbles. Xe ion irradiation created a great number of dislocations in the specimen, some of which may have even accumulated into subgrain boundaries. Xe bubbles with a slightly larger size were found on those irradiation-induced dislocations/subgrain boundaries as well as the preexistent high-angle grain boundaries. The majority of the implanted Xe atoms were retained within the U 3 Si 2 without any observable gas release issue. The high-energy Xe implantation experiment was proved to provide reasonable and useful information of fission gas behavior in U 3 Si 2 at a typical LWR temperature. This study can be a valuable reference for the fuel performance research of U 3 Si 2 as an ATF candidate.
